UNLV Retrospective Theses & Dissertations
1-1-2003

Numerical modeling of multiphase fluid flow through the
electrolytic cell
Roald Rifkatovich Akberov
University of Nevada, Las Vegas

Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds

Repository Citation
Akberov, Roald Rifkatovich, "Numerical modeling of multiphase fluid flow through the electrolytic cell"
(2003). UNLV Retrospective Theses & Dissertations. 1575.
http://dx.doi.org/10.25669/63ca-8ryl

This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu.

IfUA0ERKl&LA4OrM3LDK]CMFNnjLTQ%iASEIlJJQ)FLCnV
TintCHJGKITTiEIïLECnnRCWjyTICXZElE

by

Roald Rifkatovich Akberov
Bachelor of Science
Kazan State Technical University, Kazan, Russia
1997

A thesis submitted in partial fulfilment
of the requirements for the

Master of Science Degree In Mechanical Engineering
Department of Mechanical Engineering
Howard R. Hughes College of Engineering

Graduate College
University of Nevada, Las Vegas
December 2003

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Num ber: 1417752

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

UMI
UMI Microform 1417752
Copyright 2004 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UNW

Thesis Approval
The Graduate College
University of Nevada, Las Vegas

NOVEMBER 12

,20

03

The Thesis prepared by
Roald R if k a to v ic h A kberov
Entitled
Numerical Modeling of Multiphase Fluid Flow through the Electrolytic Cell

is approved in partial fulfillment of the requirements for the degree of
M aster o f S c ie n c e in M ech an ical E n g in e e rin g

G i).
Com m ittee Ch

ÏMafztm Commzffee Cbair

Dezm q^fbe Gradizafe CoZZege

iramiMaftoM CotffmiHgg Member

ExammaftoM Commzffee Member

Gradwafe CoHege EacwZfy Represenfafzue

11

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

ABSTRACT
Numerical Modeling of Multiphase Fluid
Flow Through the Electrolytic Cell
by
Roald Rifkatovich Akberov
Dr. Darrell W. Pepper, Examination Committee Chair
Director, Nevada Center for Advanced Computational Methods
Professor of Department of Mechanical Engineering
University of Nevada, Las Vegas
Electrolytic cells are used to obtain sodium hypochlorite (NaOCl), an important
industrial

product,

from

seawater.

The

chemical

reaction

of

the

process

(NaCl+HiO—^NaOCl+Hz) produces hydrogen gas bubbles near the cathode's surface
inside a continuous liquid phase. In time, solid particles of calcium carbonate appear on
the cell's anode due to the cell operation. Thus, the fluid flow process in the cell, in
general, is a three-phase process that includes turbulence. Although hydrogen bubbles
and calcium carbonate particles are usually small in size, they aggregate in the system
over time and lead to the blockage of the active area of the electrodes, which lowers the
efficiency of the cell. It is important to understand where the regions with high
concentration of hydrogen bubbles and solid particles inside the cell are located, and to
design an optimally shaped electrolytic device. Numerical simulation of multiphase
turbulent fluid flow through the electrolytic cell has been conducted using FLUENT v.
5.5, commercial finite-volume software. Due to the complex shape of the cell, the
modeling is accomplished using the complete three-dimensional geometry. The Reynolds

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

stress mcxlel was applied to model turbulence, and the algebraic slip mixture model for a
two-phase flow of the seawater-hydrogen mixture. Solid particles are simulated as
spherical inert particles that do not affect the seawater-hydrogen mixture flow. The
computational mesh was generated using GAMBIT v. 2.0.4, a commercial mesh
generating software program and imported to FLUENT v. 5.5. The solid particles paths
are visualized using FLUENT v. 5.5, and the streamlines of the seawater-hydrogen
mixture as well as the velocity vectors of the mixture and distribution of volume fraction
of hydrogen inside the cell using Tecplot, a well-known commercial post-processing
computer program. Ib e obtained results give the complete distribution of bubbles and
particles inside the cell, which allows for determining various methods to improve the
hydrodynamic efficiency of the current electrolytic cell design.
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CHAPTER 1

INTRODUCTION
Sodium hypochlorite (NaOCl), an important chemical product widely used in
industries for removing odor and protecEng marine organisms growth in offshore oil
facilities, can be produced clectrolyEcally from seawater within a uniquely designed
electrolyEc cell. A photograph of one such electrolyEc cell is shown in Figure 1-1. The
electrolyEc cell is divided into seven idenEcal compartments isolated from each other by
dividers. There is virtually no interacEon between compartments in the cell. Pumped in
from the ocean, the seawater enters the seven compartments of the electrolyEc cell
through inlet nozzles shown in Figure 1-1. SchemaEc of the compartment interior as well
as some dimensions are shown in Figure 1-2.

OuUet Nozzle

Electrode
Assembly
Cell Housing
Inlet Nozzles

Rgure 1-1.

Photograph of a similar electrolyEc cell
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Each compartment of the cell contains 31 plates acting as bipolar electrodes. The
electrodes are connected to the electric current supply. The electrolyte, seawater, passes
through the 30 narrow vertical channels formed between each pair of electrodes, and the
reaction of electrolysis occurs in the device. The equation of the chemical reaction is
NaCl+HgO—>NaOCl+H2 . The reaction results in the production of sodium hypochlorite
solution and hydrogen gas bubbles.

outlet
0.025 m

31 plates

R 0.094 m

Figure 1-2.

Schematic of the compartment interior of the electrolytic cell used for
producing sodium hypochlorite

The produced sodium hypochlorite solution, along with hydrogen gas bubbles and
leftover seawater, exit the vertical channels and continue up towards the outlet nozzle.
The mixture in the outlet nozzle will still contain some seawater. For producing a highly
concentrated solution of sodium hypochlorite, several electrolytic cells are placed in
series. For each additional cell, additional amounts of sodium hypochlorite solution will
be produced from seawater that did not react from the previous stage of electrolysis.
Because of the nature of the electrolyte, cell's work causes solid particles inside the
cell to appear, most of which is calcium carbonate. Most of the calcium carbonate
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byproduct travels through the cell to the outlet nozzle to exit the system. The solid
particles that remain in the system can potentially lead to the blockage of the active area
of electrodes, which can lead to a lower efficiency of the cell.
The electrolytic cell design currently in use, shown in Figure 1-2, has such a problem
of blockage, and it is important to understand what causes the deficiencies in the cell.
One way of solving the problem is to determine particles paths, streamlines, and velocity
distribution numerically via simulation of the fluid flow phenomena inside the
electrolytic device. In this case, the actual physical device is replaced by a discrete
number of points that represent the entire geometry of the cell where the distributions of
pressure, velocity, etc are to be found. The approach requires defining the mathematical
equations that govern the physical process. These equations will be solved only at the
discrete points representing the geometry. FLUENT, a finite-volume method based
computer program, is among the more powerful packages of existing commercial
software for solving fluid flow problems. As mentioned above, the fluid flow through the
cell is a three-phase flow with hydrogen gas bubbles and solid particles introduced into
the continuous liquid phase. Based on a given flow rate of seawater through the cell at 35
gpm, i.e. 5 gpm through one compartment of the cell, the fluid flow process in the cell is
turbulent. FLUENT v. 5.5 has a capability of solving these types of problems. The heat
transfer in the cell is neglected based on Geld measurements, i.e. the temperature increase
in the cell at the flow rate of the electrolyte 5 gpm is up only around 1.5°C.
The purpose of this research study is to determine the locations of high concentration
of hydrogen bubbles and solid particles in the first three consequent electrolytic cells,
show the streamlines, particles paths, velocity and hydrogen volume fraction distribution
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in the cell, and to determine some useful methods on improving the current electrolytic
cell design.

Organization of the Thesis
In Chapter 2, the literature review on multiphase flows in electrolytic cells is
discussed. In Chapter 3, the physical model for the process as weU as the governing
equations is considered. The modeling and results of the multiphase turbulent flow
through the three consequent electrolytic cells are given in Chapter 4. Finally, the
conclusions of the research are presented in Chapter 5.
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CHAPTER2

LITERATURE SURVEY
M ^or achievements concerning the study of the hydrodynamics of electrochemicallyevolved gases have occurred during the past thirty years. Boissonneau and Byrne (2000)
studied experimentally the interaction of hydrogen bubbles with the electrolyte in a small
electrolytic cell that produces NaClOg, a product similar to sodium hypochlorite, from
seawater. Using Laser Doppler Vclocimetry (LDV), the authors determined three unique
regions with different bubble concentrations along the vertical electrode shown in Figure
2-1 below:
A dherence
region

Bubble
diffusion
region

Bulk
region

C o a lescin g
Bubble

Figure 2-1.

Jumping
Bubble

DeBnition of the zones in the bubble layer beside the electrode
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Near the electrode surface, there exists an adherence region where bubbles are stuck
to or located very close to the electrode surface. This layer thickness is comparable to the
size of the mean bubble diameter. The second region appears in experiments as a gray
cloud, and is very bubble concentrated. Discernible bubbles in this region in the upper
part of the electrode are twice as large as those in the lower part of the electrode, showing
that bubbles grow in the bubble diffusion region. The third region contains dispersed
bubbles, which arrive through bursts from the electrode surface into the electrolyte. This
region has super-saturation at or near the level of that of the bulk solution, as bubbles in
this region do not increase significantly in size throughout the length of the cell. As the
experiments show, bubble bursts occur sporadically and consist primarily of large-sized
bubbles. Such bursts are usually due to the mechanism of coalescence. Hydrogen bubble
evolution follows a mechanism that involves a bubble on the surface coalescing with
other bubbles in its vicinity, resulting in the subsequent bigger bubble jumping directly
out of the adherence region and into the bulk region. Bubbles that enter the third region
are bubbles that have coalesced, and the bubbles that they take with them when they
'jump' from the electrode surface. The authors also showed experimentally that the
bubbles appearing on the electrode surface instigate turbulence. The article also mentions
the m^ority of industrial cathodes produce hydrogen bubbles with mean diameters of
about 50 pm to 200 pm.
Dispersed flows are flows of bubbles, particles and drops inside a continuous phase.
The open literature describes numerous models for these types of multiphase flows, e.g.
the algebraic slip mixture model (Manninen et al, 1996), where bubbles are considered in
a mixture with a continuous phase. However, bubbles can also be simulated directly by
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means of fine resolution of bubbles along with tracking the bubble interface surface.
Bunner and Tryggvason (1999), and Tryggvason and Bunner (2000) used the Direct
Numerical Simulation approach to study the motion of bubbles of spherical and
ellipsoidal shape inside a continuous liquid phase. The researchers noted that the
behavior of ellipsoidal bubbles to be quite different fiom that of spherical bubbles. While
spherical bubbles rise vertically in horizontal alignment close to each other, ellipsoidal
bubbles, which correspond to the lower surface tension and lower viscosity and represent
winglets, move up in narrow columns, one under another. The Reynolds number based on
the bubble diameter was determined to be 20.
The other approach for direct simulation of bubbles is called the Volume of Fluid
model (Scardovelli and Zaleski, 1999) where the bubble interface is tracked on a fixed
computational grid.
Crowe et al (1998) showed that for turbulent flows with particles, suppression and
enhancement of turbulence depends on particle size. Small particles tend to attenuate the
turbulence while the larger particles augment the turbulence level.
Efforts to eliminate the blockage of the active electrode area by bubbles and particles
have been under examination numerous times. For example, Bressers and Kelly (1995)
developed a new design for a rotating disk electrode. The rotating disk electrode, which
usually faced downwards, has a problem of accumulation of bubbles on the bottom face
of a cylindrical electrode that acts as the active electrode area. The authors developed a
new design where the active area of the cylindrical electrode faces up. However, this
improved design requires a good insulation to avoid leakage from the bottom of the

vessel to which the electrode is submerged from below.
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Although the problem of eliminating the blockage of the active electrode area by
bubbles and particles has been under consideration in the open literature numerous times,
no universal method for eliminating the blockage problem has been proposed. The
distributions of bubbles and particles in the electrolytic cell are generally influenced by a
number of important factors such as the geometry of the cell, operating conditions,
electrode materials, electrolyte nature, etc. Each specific cell configuration requires a
separate study using experimental or numerical techniques.
The design of the electrolytic cell considered in this thesis has not been studied and
presented in the open literature. The complexity of the phenomena occurring in the cell
requires the use of sophisticated models, which were developed under intuition and
further correlated with existing experimental data. Chapter 3 will give a theoretical
background and model equations governing multiphase turbulent fluid flow process
through the electrolytic cell. Chapter 4 will present results of the modeling, and
conclusions will be given at the end, in Chapter 5.
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CHAPTERS

THEORETICAL BACKGROUND AND GOVERNING EQUATIONS
The fluid flow process in the studied electrolytic cell is a three-phase process with
hydrogen gas bubbles and solid particles of calcium carbonate, CaCOg, introduced into
the continuous liquid phase of seawater. Based on calculations of the Reynolds number in
Chapter 4, the fluid flow through the cell is considered turbulent. The fundamental
equations governing the physical process of a Newtonian viscous fluid flow are the
continuity and momentum equations. For the convenience of utilizing a tensor notation,
the x,y,z coordinates will be denoted as
as

,JC2 , x ,, and the x,y,z components of velocity

«3 .
Neglecting body forces, continuity and momentum equations can be written in

Cartesian tensor form as follows:
(3 1)

(3.2)
r
3 —

V

9%,V

+

2_
3 ----9%,: 3

9%,
9x.' /

where (,y =1,2,3,
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The momentum equation written in the above form is known as the Navier-Stokes
equation. This set of equations is a general set that, along with some additional model
equations, can be used for calculations of any Newtonian viscous fluid flow process in
Cartesian coordinates.
The following sections describe the Algebraic Slip Mixture (ASM) model for
modeling a two-phase flow of the mixture of seawater, representing the primary phase g ,
and hydrogen bubbles, representing the secondary phase , an approach for modeling the
motion of the discrete phase solid particles of calcium carbonate through the second law
of Newton, and the Reynolds Stress Model (RSM) for modeling the turbulent fluid flow.
The models are described below.

ASM model for modeling the mixture of seawater and hydrogen bubbles
The ASM model was developed by Manninen et al (1996). The model can account
for a two-phase flow of a mixture where the secondary phase a; is represented through
bubbles, particles or droplets dissolved inside the continuous phase g . The model implies
that the two phases are interpenetrating, i.e. there is no interface between these two
immiscible phases. The two phases can move at different velocities with respect to each
other. The ASM model is a good substitute for the Direct Numerical Simulation (DNS)
models for two reasons. First, the ASM model does not require a very fine mesh to
resolve droplets or bubbles, as it is a dispersed phase model. Second, in the DNS models
one must know the priori interphase laws, which are not always possible.
The ASM model requires solving the continuity equation and momentum equation for
the mixture that can be derived from the single phase flow equations (3.1) and (3.2),
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11
respectively. By summing the individual continuity and momentum equations for both
phases and using in the resulting equations mixture parameters

and

defined

through the volume fractions of phases, or and or^ as follows:
(3.3)
(3.4)

(3.5)

«m, = ----- ---------------the resulting continuity and momentum equations become

(3.60

d
V

where

9x

9x,

(3.7)

3

and Wg,, represent the velocities of the drift of phases g and s with respect to

the mixture and are defined as:
"a,,

(3.8)
(3.9)

The drift velocities, «a,; and

, are functions of the physical properties of the

phases ^ and s , and the bubble, droplet or particle diameter

(assuming a spherical
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shape), can be deBned via introducing a slip velocity

representing the difference in

velocities of phases ^ and f , i.e.
(3.10)
The drift velocities

and Wg,,, are related to the slip velocity

via the

following expression:
=MD„-Wo,,

(3.11)

The core of the ASM model is an algebraic relation for the slip velocity w

based on

the assumption of a local equilibrium between phases being reached over short length
scales. The algebraic relation is given as follows (Manninen et al, 1996):
(3.12)
where a is acceleration of the bubbles, droplets or particles of the secondary phase j ,
deBned through the gravity and centrifugal forces, when present, according to Manninen
et al (1996), f

is the particulate relaxation time:

(3.13)

In the ASM model, the volume fractions of phases, or, and a ,, appearing in
equations (3.3)-(3.7) can be found through a differential equation for the volume fraction
of the secondary phase,

:
+

=

J

(3 14)

This equation can be derived from the continuity equation for the secondary phase:
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=0

(3.15)

taking into account equation (3.9).
Equation (3.15) is derived from the single-phase continuity equation (3.1) by
replacing the single-phase density

by a ,/) ,, and the single-phase velocity w, by

(Manninen et al, 1996).
The volume fraction of the primary phase, or , can be found by using:
a, =1-0:,

(3.16)

Modeling a motion of solid particles
In the modeling, particles of calcium carbonate appearing in the studied electrolytic
cell are considered as inert spherical particles that do not affect the flow of the seawaterhydrogen mixture.
The motion of solid particles is governed by Newton's second law in which the
particle inertia are equated to the drag and gravity forces acting on a particle in the
following manner:
=
where ; = 1,2,3,

+

(3.17)

is the density of seawater-hydrogen mixture deBned by equation

(3.3), yO is density of solid particles,
mixture deBned by equation (3.5),

is the velocity of the seawater-hydrogen

is velocity of solid particles, and

force per unit particle mass deBned by the following expression:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

is the drag
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where

is the viscosity of the seawater-hydrogen mixture defined by equation (3.4),,

Dp is diameter of solid particles, u

is velocity vector of a particle,

is velocity

vector of the seawater-hydrogen mixture, and relative Reynolds number is defined as
RGp =(^^D p lu p - u ,, !)///„.
The drag coefficient, C g, is calculated from the following expression (Haider and
Levenspiel, 1989):
24

,

6

,Re^

C„= —

where b ,,

, b, and

(3.19)

are defined by the following relations:

b; = 2.3288 - 6.458 If) + 2.4486f)"

(3.20)

b; = 0.0964 + 0.5565f)

(3.21)

b^ = 4.905 -13.8944^ +18.4222^" -10.2599^"

(3.22)

b^ =1.4681 + 12.2584f) - 20.7322^" + 15.8855f)^

(3.23)

The shape factor, f), is equal to unity for spherical particles, and for nonspherical
particles it is defined as
f) = a/5

(3.24)

where .r is the surface area of a sphere having the same volume as the particle, ^ is the
actual surface area of the particle.
Once the particle velocity, Wp,, is found from equation (3.17), the particle tr^ectory
can be calculated via the following equation:
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^

=

This equation is integrated in time to obtain

(325)
or jc,y,z coordinates of a solid

particle tr^ectory.

RSM model for modeling turbulent fluid flow
Although the continuity and momentum equations, (3.1) and (3.2), can also describe
the turbulent motion of a fluid, it is inq)ractical to use the equations as the turbulent
fluctuations in the flow occur at very short spatial and time scales. For resolving small
and large eddies of turbulence, a very fine mesh is required in the flow domain, and a
very small time step size is needed for capturing rapid fluctuations of such parameters as
velocity, pressure, density, etc. in time. In most practical cases, only time mean
parameters are of interest, thus turbulent fluctuations must be modeled.
The most commonly used approach for modeling turbulent flows is the
decomposition of the instantaneous parameters such as velocity w, (i = 1,2,3), pressure
p , density

, etc. into the mean and fluctuating components. For example, the velocity

is expressed as:
(3.26)
where w, and w/ are the mean and fluctuating components of velocity.
Likewise, for pressure and other scalar quantities:
0

where

0

= 0 +0 '

denotes a scalar such as pressure or density.
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Substitution of this decomposition into the instantaneous continuity and momentum
equations (3.1) and (3.2) and dropping the overbar on the mean quantities yields
'Reynolds Averaged' Navier-Stokes (RANS) equations:
f

+

=0

(3.28)

J

d

//

+ ■

Vdx;

3 ..

«

dx,

3

\
d%;

+

(3.29)

J

The RANS equations have the same general form as the instantaneous equations (3.1)
and (3.2) except for the last term in equation (3.29). The tensor (-/)w/wy') is called the
Reynolds stress tensor. The components of the tensor, Reynolds stresses, must be
modeled in order to close the equation set.
One approach for modeling the Reynolds stresses consists in deriving differential
equations for the transport of individual Reynolds stresses by taking moments of the
exact momentum equation (3.2), which is multiplied by a fluctuating property, and then
the product being Reynolds-averaged (Gibson and Launder, 1978; Launder et al, 1975;
Launder, 1989b). This approach results in the RSM model of turbulence.
Neglecting an appearing term of production of turbulence caused by a system
rotation, the Reynolds stress transport equations in the RSM model are given by the
following expression:
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T^y s ^frcM prodwcflom

9

H”

u/
'

.

9Xy

9w^
+

- 2 /,

^

9x,

^,y = prgjïfurg gfram

where 1,

9u,'9wy'
9%^ 9%;^

f^y = DM.ÿÿafloa

=1,2,3 .

In this equation, the terms of convection Q , molecular diffusion

, and stress

production 7* do not require any modeling. However, the terms of turbulent diffusion
, pressure strain

and dissipation f,y need to be modeled to close the equations.

The turbulent diffusion term,

, is modeled via the turbulent viscosity,

, as

follows (Lien and Leschziner, 1994):
(3.31)
O'*
where rr^ =0.82.
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The pressure-strain tenn,

y, is modeled according to the proposals by Gibson and

Launder (1978), Fu et al. (1987), and Launder (1989a, 1989b) with the following
decomposition:
(3.32)
where

, is the 'slow-pressure-strain' term, also called the 'retum-to-isotropy' term,

and $^,^ 2 is called the 'rapid pressure-strain' term.
The 'slow-pressure-strain' term

, , is modeled as

(3.33)
where C, = 1.8, & is the turbulent kinetic energy (TKE), g is the dissipation rate of the
TKE.
The 'rapid pressure-strain' term,

/.2

^ is modeled as

= -Q

(3.34)

where Q = 0 .6 , P = 0.57L and C = 0.5C^t.
The dissipation tensor, gy,, is modeled as
(3.35)
The scalar dissipation rate of the TKE, e, is computed using a model transport
equation identical to that used in the standard k - E model (Launder and Spalding, 1972):
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W

,)= (3.36)

+ Q l - [ ^ ,] T " ( ^ f 2 P .
2
K
K
where cr^ = 1.0, C,, = 1.44 and

= 1.92.

The TKE, t , is obtained by taking the trace of the Reynolds stress tensor:
k = - « ,'« /

(3.37)

The turbulent viscosity, //,, is computed similarly to the standard k-e model (Launder
and Spalding, 1972):
=/)C —
g
where

(3.38)

= 0.09.

Aside from boundary conditions for time mean parameters, the RSM model boundary
conditions for individual Reynolds stresses,

u / W y ',

and turbulent dissipation rate,

E,

are

required.
At the wall surface, the near-wall values of the Reynolds stresses and E are computed
from wall functions (Launder and Spalding, 1972). Explicit wall boundary conditions for
the Reynolds stresses are applied via using the log-law of the wall, and the assumption of
equilibrium is adopted. Using a local coordinate system, where f is the tangential
coordinate, q is the normal coordinate, and A is the binormal coordinate, the Reynolds
stresses at the wall-adjacent cells are computed from the following set:

^ = 1.098, ^ = 0.247, ^ = 0.655, k
t
k

k

= 0.255
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To obtain the near-wall values of k , the transport equation for k , identical to that
used in the standard k - E model (Launder and Spalding, 1972) is used in the form:
9k
9Xy

(3.40)

For computational convenience, the equation is solved globally, even though values
of k computed are needed only near the wall; in the far field k is obtained directly from
the normal Reynolds stresses using k = 0.5 u, 'u, ' .
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CHAPTER 4

MODELING AND DISCUSSION OF RESULTS
Modeling the physical process of multiphase turbulent fluid flow through an
electrolytic cell operating on seawater starts with identif^ng the cell's shape and
appropriate geometric dimensions. Similarly, modeling of the physical process in the cell
requires knowledge of potential chemical reactions occurring in the cell along with all
products from the reactions and byproducts. Although sodium hypochlorite solution is the
only desired product resulting from the electrochemical reactions occurring in the studied
cell, hydrogen bubbles and calcium carbonate particles are inevitable byproducts that
require a detailed and elaborate study and consideration. Four substances involved in the
modeling of hydrodynamics of the electrolytic cell are seawater, sodium hypochlorite
solution, calcium carbonate and hydrogen.
Simplification of the process is the next step in the modeling of multiphase turbulent
fluid flow through the electrolytic cell. The physical and chemical processes occurring in
the cell are extremely complex in nature, and consideration of their mutual influence is a
formidable task for a modeler. Some assumptions about the process and materials must
be adopted to simplify the model, and yet maintain relative accuracy. Numerical
modeling is generally related to the use of a computer program for solving partial
differential equations using discretization methods. The parameters of the discretization

21
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methods, numerical parameters, and mathematical models may vary from one case to
another, so special care is a necessity for success in modeling.
Considerations for all modeling aspects are included in this chapter. These include:
* Dimensions of the electrolytic cell.
Physical properties and operating conditions.
Physical and chemical processes of formation of hydrogen bubbles in the cell.
Chemical processes of formation of solid particles of calcium carbonate in the
cell.
Inlet Reynolds number of the seawater-hydrogen mixture.
Volume fractions of hydrogen and velocities of the seawater-hydrogen mixture at
the inlet to all three cells.
Assumptions on the fluid flow process.
Boundary conditions for the three cells.
Explanations on choice of software used.
Computational mesh.
Numerical methods.
Numerical parameters and models used in calculations.
Discussions of computer simulations.
Analysis of the results, and
Proposals for improving the current electrolytic cell design.
Each section of the chapter is discussed in detail below.
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Geometry
A photograph of an electrolytic cell similar to the cell studied in this thesis is given in
Figure 1-2. The electrolytic cell comprises of seven compartments working in parallel to
produce a sodium hypochlorite solution from seawater. The direction of the electrolyte
flow is vertical from bottom to top in the photograph. Usually, several electrolytic cells
are placed in series one above another to produce a high concentration solution of sodium
hypochlorite from seawater unused from the previous stage. Each compartment of the
cell works as a stand-alone device, and the operating conditions for all the compartments
are similar. Therefore, it is practical to consider only one compartment of the electrolytic
cell and assume the situation is identical in the remaining six compartments. Although all
seven compartments of one electrolytic cell work at similar conditions, the work of each
subsequent electrolytic cell in the series of the cells differs in the location of regions of
high concentrations of hydrogen bubbles and solid particles. These differences are due to
different volume fractions of hydrogen present in the seawater-hydrogen mixture. It is
useful to study work of the cell at three different conditions corresponding to three
different volume fractions of hydrogen present in the first three consequent electrolytic
cells.
Extraction of one compartment from the electrolytic cell of Figure 1-2 is shown in
Figure 4-1.
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I
U

Figure 4-1. Schematic of the cell consisting of seven compartments; showing
extraction of one compartment from the complete geometry

The electrolytic cell studied in this thesis is different in shape from the cell shown in
Figure 1-1 because of the T-shape cuts. The geometry of a studied cell compartment is
shown in Figure 4-2. This electrolytic cell design is more common than that shown in
Figure 1-1; that is why it is taken for analyses.

mm

Figure 4-2.

SimpliGed geometry of a cell compartment from Figure 1-1 (A) and
geometry considered in the thesis (B)

Basic dimensions of the electrolytic cell compartment are detailed in Figure 1-2. The
electrolytic cell contains 31 plates, for which 30 channels are formed between each pair
of the plates. For clarity of descriptions, names are assigned to regions of interest in the
electrolytic cell, and will be referred to in future discussions. Figure 4-3 shows a
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schematic of one cell compartment with adopted names for the regions.
f
o u tlet n o z z le
U p p e r p a rt o f th e cell

L o w er p a rt of th e cell
in let n o z z le

Figure 4-3.

Schematic of a cell compartment with the regions and adopted terms 'upper
part of the cell, 'lower part of the cell' and 'ears'

The series of three cell compartments to be studied in this thesis is shown in Figure 44. Instead of a simultaneous simulation of the fluid flow process through the series of the
three cells, it is more practical to consider only one cell and look at three different
Kenarios corresponding to three different volume fractions of hydrogen present in the
first three consequent cells.

I
r .H

Figure 4-4.

Schematic of a series of the first three consequent cell compartments

Physical properties and operating conditions
The electrolytic cell operates at the temperature of seawater, T = 17°C to 40°C. The
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increase in the electrolyte temperature from the reaction in the cell is measured
experimentally to be less than 1.5°C above nominal temperature. The gravity force acts
on the cell in the downward vertical direction. The volumetric flow rate at which the
seawater is pumped in from the ocean is 35gpm, thus the flow rate evenly divided
among the seven compartments will make up

per compartment.

Four substances will be involved in the calculations: seawater, solution of sodium
hypochlorite, hydrogen and calcium carbonate. Physical properties for each of these four
substances are given below:
seawater:
density

=1,030

viscosity

= 0 .0

0 1 2

% /(m -s)

solution of sodium hvpochloiite:
density

^

viscosity

= 1,060t g /
= 0.0013 tg/(m s)

hvdroeen:
density

= 0.082tg/m^

viscosity

= 8.4 10"^ tg/(m s)

calcium carbonate:
density

= 2,800tg/m^

The differences in physical properties between seawater and sodium hypochlorite
solution are 3% in density and 12% in viscosity. This similarity allows the approximation
of the liquid phase inside the cell to have a uniform distribution and uniform properties.
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Furthermore, only seawater will be considered as the primary liquid phase in the cell. The
process of electrolysis will be simulated only through formations of hydrogen bubbles on
the cathodes.

Physical and chemical process of formation of hydrogen bubbles in the cell
The principal reactions occurring in the electrolytic cell to produce sodium
hypochlorite are the following:
Oxidation of chloride ion occurring at the anode
2Cl —> C /2 + 2s

followed by rapid hydrolysis of the chlorine
C/;

7/OCT + 7/C /

Reduction of sodium ion occurs at the cathode
/Via^ +g" —> /Via
followed by rapid reaction of sodium with water
N a + T /jO —> 1 /2 7/g + N aO H

The acids ( 7/C/ and 7/OC7 ) produced at the anode react with the base ( /Va07/ )
produced at the cathode
7/C / + /Va0 7 /

/VaC/ +

7/OC/ + /Va07/

/VoOC/ + 7 / 2 O

Finally, the net reaction on electrolysis in the cell is
/VaC/ + 7 / 2 O

^

) NoOC/ + 7 / 2

The amount of hypochlorite and hydrogen produced in the cell is related to the
amount of direct electrical current passed through it.
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Thus, hydrogen gas is produced at the cathode and remains as gas bubbles in the cell.
The physical process of motion of gas bubbles near the cathode is described in detail in
Chapter 2. The process of motion of gas bubbles can be summarized according to
Boissonneau and Byrne (2000) as follows.
Along the vertical electrode, there exist three unique regions with different bubble
concentrations. They are labeled adherence region, bubble diffusion region and bulk
region. In the adherence region, the bubbles are stuck to the surface of the cathode or
located very close to it. In the second region, bubble diffusion region, bubbles are highly
concentrated, and accumulate in this region as bubbles travel up the channel. And the
third layer is made up only of those bubbles that coalesced and 'jumped' from the
adherence region.
Mean diameters of hydrogen bubbles are from 0.(XXX)5m to 0.0002m (Boissonneau
and Byme, 2(XX)).
Surfaces of the cathodes where hydrogen is generated in our calculations are shown
in Figure 4-5. These surfaces for all three cells will be surfaces where inlet for the
hydrogen fraction will be located. These surfaces are no longer solid walls in the
calculations.
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Figure 4-5.

Surfaces of cathodes where hydrogen bubbles are generated

Chemical process of formation of particles of calcium carbonate in the cell
Seawater contains small amounts of hydrogen carbonate,

, and calcium ions,

The following reactions are responsible for the formation of calcium carbonate,
CuCOg, inside the cell.

If the concentration of calcium and carbonate ions in the electrolyte at the cathode
exceeds the solubility product of calcium carbonate, then the calcium carbonate forms an
adherent scale on the cathode. In this scenario, the adherent calcium carbonate scale must
be removed periodically by stopping the current to the cells and recirculating nitric acid
through the system. The calcium carbonate is converted to the soluble nitrates:
CnCO; +

+ CO;

Two types of injections of solid particles of calcium carbonate were employed in
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simulations of particle motions: ( 1 ) injection from inlet; (2 ) injection from the same
surfaces where hydrogen bubbles are generated, as shown in Figure 4-5. For both cases,
the distribution of particles is taken uniform, and the particles were taken as inert
particles of spherical shape with a diameter of 0 .0

0 0 1

m.

Inlet Reynolds number of the seawater-hydrogen mixture
Knowledge of the inlet Reynolds number is important since it is the only indicator of
the fluid flow regime in channel flows. As a rule-of-thumb, at a Reynolds number of
2

-1 0 ^ or less the fluid flow in the channel is considered laminar; transition to turbulence

occurs at the Reynolds number range of 2 10^... 1 10*, and for the Reynolds number
exceeding 1 -1 0 * the flow regime is turbulent.
Calculation of the inlet Reynolds number in the cell requires knowledge of the inlet
volume fraction of hydrogen. Its value is then being used to calculate density of the
mixture,/)^, viscosity of the mixture,

and velocity of the mixture,

from

equations (3.3)-(3.5). These values are subsequently used in the inlet Reynolds number
calculations.
The inlet volume fraction of hydrogen,

^, in cell 1 is taken zero, since only

seawater enters the cell. The amount of hydrogen formed inside cell 1 is known to be
16.7% by volume based on field measurements. The inlet volume fraction of hydrogen,
;, in cell 2 thus equals 0.167. Cell 2 will nearly double the amount of hydrogen in
the solution. The exact inlet volume fraction of hydrogen,

^, in cell 3 can then be

estimated by the calculation 2 -0.167 /(I + 0.167) = 0.29. These three values of the inlet
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volume fraction of hydrogen, along with physical properties of seawater and hydrogen
and equation (3.16), result in the following inlet density and viscosity of the mixture
(from equations (3.4) and (3.5)):
>

cell 1:

= 1 , 0 3 0 % and

>

cell 2:

; = 858% /

>

cell 3:

; =731%/m^ and

and

= 0.0012%/(m -f),
%= 0.001% /(m -f ) ,
, = 0.0009% /(m -.;).

The inlet velocity of the mixture in cell 1,

can be computed using the given

volumetric flow rate through cell 1 , 5gpm , and the seawater properties and inlet nozzle
diameter

0.025 m. The computed value results in

, = 0.62m /r with the

assumption of a uniform velocity distribution. The inlet velocity of the mixture in cells 2
and 3 are then computed using the inlet volume fractions of hydrogen in cells 2 and 3 and
=0.62m/f. Calculations yield values of

= 0.75m/a and w „ ,= 0 .8 7 m / f,

respectively. Thus, the inlet Reynolds number is for cell 1: Re = 13,305, cell 2:
Re = 12,065 and cell 3: Re = 17,665, which suggests that the fluid flow in all three cells
is turbulent.

Assumptions for the fluid flow process
Some basic assumptions are made on the fluid flow process in an effort to simplify
the complex model. They are:
* Seawater and hydrogen bubbles are interpenetrating phases.
# Seawater in the ocean is pure and does not contain additives other than calcium
and hydrogen carbonate.
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# Inflow is perfectly vertical and upward.
# All hydrogen bubbles have a spherical shape and equal diameter, 0.0001m. Their
formation occurs uniformly on the cathode surfaces. After formation, they exit the
cathode surface. Bubbles do not coalesce and do not collapse.
# Particles of calcium carbonate have a spherical shape and equal diameter,
0

.0

0 0 1

m.

# Particles do not react and do not change their size and diameter. Their influence
on the seawater-hydrogen mixture flow is negligible.
# Only inertial or gravity forces act on a particle.
# Seawater-hydrogen mixture flow regime is turbulent in every part of the cell.
# Fluid flow process in the cells is steady.
# Influence of chemical reactions on hydrodynamics in the cell is negligible.

Selection of software
FLUENT

V.

5.5 was selected for numeiical analyses of multiphase turbulent fluid

flow through the electrolytic cell. This selection is based on the following principles:
1

. It is user-fnendly software; it is easy to learn it and then it is easy to operate it.

2

. It is a finite volume-based code, so solutions are obtained faster than using a finite
element-based code for solving an identical problem.

3. It has the capability of modeling two-phase flow of a mixture using the ASM
model.
4

. It has the capabihty of modeling motions of solid particles inside a continuous
phase.
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5. It has the capability to model turbulence with a variety of models of turbulence.

Generation of a computational mesh
Although FLUENT is finite-volume software, it requires an input a Gnite element
mesh to operate. The computational mesh must contain the x, y, z coordinates for all
nodes, the mesh connectivity table, and names and locations of boundary surfaces
containing the speciGcation of the types of boundary condiGons to be imposed for those
surfaces when the mesh Gle is imported to FLUENT. Of the vast amount of existing
software for a Gnite-element mesh generadon, among most powerful software is
GAMBIT. Therefore, GAMBIT was chosen to generate an input mesh Gle for FLUENT.
A three-dimensional mesh for the cell compartment created by GAMBIT is shown in
Figure 4-6. The mesh comprises 271,700 trilinear hexahedral Gnite elements (bricks).
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Computational mesh used for calculations

Mathematical models
MathemaGcal models to be used are discussed in detail in Chapter 3 and therefore the
descripGons will not be repeated here.

Numencal methods
The SIMPLE method by Patankar and Spalding (1972) is a powerful method for
solving Navier-Stokes equaGons using the Gnite-volume method. The method was also
incorporated to FLUENT. Because of a highly convecGve nature of the Bow, nonphysical
oscillations of the flow parameters may appear. In order to suppress the osciUaGons, the
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upwinding method was employed. The governing equations described in Chapter 3 were
integrated over a control volume to obtain discrete analogue equaGons. Even though the
RSM model of turbulence was used to model turbulence, which solves transport
equaGons for individual Reynolds stresses and g , FLUENT allows for setGng boundary
condiGons for & and f similarly to

models (Launder and Spalding, 1972). The

under relaxaGon parameters of the SIMPLE method were left as default values set by
FLUENT. Thus, the under relaxaGon parameters were: for momentum 0.7, for pressure
0.3, for t and f 0.2.

Analysis of results
Streamlines of the seawater-hydrogen mixture are visualized using Tecplot,
commercial post processing software. Streamlines for aU three cells are shown in Figures
4-7 -4-15. As is seen from the Ggures, seawater-hydrogen mixture enters the electrodes
region through a narrow rectangular area, occupying approximately one third of the area
of the cell, and exits the cell through a similar area without forming signiGcant
recirculaGon zones at the exit. This pattern is similar for all three cells regardless of the
concentraGon of hydrogen present in the seawater-hydrogen mixture. These results
indicate that only a part of the cell for all three cases operates in desirable condiGons.
Approximately two-thirds of the cell does not produce sodium hypochlonte due to the
low speed of the seawater-hydrogen mixture in the lateral regions. Even though the
streamlines give only a qualitaGve picture of the Guid Gow process in the cell, they help
spawn new ideas on developing methods to improve the hydrodynamics of the current
elecGolyGc cell design. The methods will be descnbed in the next secGon.
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One more useful representaUon of the numerical simulation results is velocity
contours for the seawater-hydrogen mixture in a central vertical slice. Again, this
representadon of results was realized using Tecplot, and is given in Figures 4-16 - 4-18
for all three cells. As expected from the analysis of streamline plots, the three Ggures
show similar locations of regions of high velociGes of the seawater-hydrogen mixture,
even though the values on contours are somewhat different due to the difference in inlet
velocities. One of the regions with high velocity for the cells is from the inlet nozzle up to
the electrodes region, where the seawater-hydrogen mixture meets the plates, and is
redistributed upon entering the vertical channels. The region near the outlet nozzle is
another region of high velocity magnitude. The velocity at the exit from each of the three
cells differs from velocity values at the inlet by about 20%, which was andcipated due to
an increase in hydrogen contents in the seawater-hydrogen mixture. On the other hand,
the regions in the lateral parts of the cell have a low speed, which translates to solid
pardcles, after reaching these regions, potendally remaining in the cell due to modonless
media surrounding them.
One more useful representadon of the simuladon results is to show contours of
volume fracdon of hydrogen in the same central verdcal slice. These results have also
been visualized in the Tecplot software and are given in Figures 4-19 - 4-21. The
difference in the volume fracdon of hydrogen distiibudon in cell 1 from the distribudon
in cells 2 and 3 is apparent. Since in the first cell hydrogen is formed on the cathodes and
does not enter through inlet as compared with cells 2 and 3, the amount of hydrogen
present in the cell is quite different. In cell 1, hydrogen bubbles that are formed on the
lateral cathodes close to 'ears' in the lower part of the cell slide down to the ears and
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accumulate there due to buoyancy. In cells 2 and 3, the picture is of more interest. Aside
from the accumulation of hydrogen bubbles in the 'ears' of the lower part of the cell,
hydrogen bubbles are almost equally distributed over the entire cell. Regions of high
concentrations of hydrogen bubbles in the upper part of the cell, as anticipated, are
located at the upper wall near the outlet nozzle and the outlet nozzle wall due to
buoyancy. Interestingly, the volume fraction of hydrogen values in the 'ears' of the lower
part of the cell remain the same for all three cells, and are approximately equal to 0.8.
Methods for improving the efGciency of the cell by allowing hydrogen bubbles to be
taken out of the cell will be discussed in the next section.
Velocity vectors for the seawater-hydrogen mixture colored by the values of the
mixture velocity magnitude and contours of volume A-action of hydrogen in a series of
horizontal slices are given in Figures 4-22 - 4-27. The Ggures just support quantitatively
the results observed based on analyzing streamlines plots and contours in the central
vertical slice. It is clearly seen that seawater-hydrogen mixture approaches the electrode
region through a circular region having a diameter close to the diameter of the inlet
nozzle. When approached, the seawater-hydrogen mixture passes the electrode region
through a narrow rectangular area.
Tr^ectories of particles of CaCOg the size of 0.0001 m and spherical in shape
injected at the inlet are visualized using FLUENT, and are shown for all three cells in
Figures 4-28 - 4-30. In each cell, the particles injected from the inlet follow almost
precisely the streamlines of the seawater-hydrogen mixture shown in Figures 4-7 - 4-15,
except for some particles in the lower part of the cell that fall due to resistance and
gravity.
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Tr^ectones of particles of CaCOg of size 0.0001 m and spherical in shape injected
from the same surfaces where hydrogen bubbles are formed, also visualized using
FLUENT, are shown in Figures 4-31 - 4-33. The results show that in cell 1, particle paths
approximate the streamlines of the seawater-hydrogen mixture, and a big difference in
behavior of particles versus that of streamlines is not observed. In cells 2 and 3, particles
follow intricate paths that can be best explained by the higher volume fraction of
hydrogen present in the upper part of the cells, as seen in Figures 4-26 and 4-27. The
presence of a large amount of hydrogen bubbles augments the turbulent Guid Gow.

Figure 4-7.

Streamlines of the seawater-hydrogen mixture in cell 1
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Figure 4-8.

Streamlines of the seawater-hydrogen mixture in cell 1 (zoomed view from
above)

Figure 4-9.

Streamlines of the seawater-hydrogen mixture in ceU 1 (zoomed view from
below)
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Figure 4-10. Streamlines of the seawater-hydrogen mixture in cell 2

Figure 4-11. Streamlines of the seawater-hydrogen mixture in cell 2 (zoomed view from
above)
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Figure 4-12. Streamlines of the seawater-hydrogen mixture in cell 2 (zoomed view from
below)

Figure 4-13. Streamlines of the seawater-hydrogen mixture in cell 3
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Figure 4-14. Streamlines of the seawater-hydrogen mixture in cell 3 (zoomed view from
above)

ir

Figure 4-15. Streamlines of the seawater-hydrogen mixture in cell 3 (zoomed view from
below)
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Figure 4-16. Velocity contours in the central vertical slice of cell 1
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Figure 4-17. Velocity contours in the central vertical slice of cell 2
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Figure 4-18. Velocity contours in the central vertical slice of cell 3
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Figure 4-19. Volume fraction of hydrogen contours in the central vertical slice of cell 1
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Figure 4-20. Volume faction of hydrogen contours in the central vertical slice of cell 2
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Figure 4-21. Volume Auction of hydrogen contours in the central vertical slice of cell 3
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Figure 4-22. Velocity of the seawater-hydrogen mixture in cell 1
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Figure 4-23. Velocity of the seawater-hydrogen mixture in cell 2
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Figure 4-24. Velocity of the seawater-hydrogen mixture in cell 3
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Figure 4-25. Volume fraction of hydrogen distribution in horizontal slices in cell 1
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Figure 4-26. Volume Auction of hydrogen distribuAon in horizontal slices in cell 2
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Figure 4-27. Volume AucAon of hydrogen distnbuAon in honzontal slices in cell 3
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Figure 4-28. Paths of particles of CaCOs injected at the inlet of cell 1

Figure 4-29. Paths of particles of CaCOg injected at the inlet of cell 2
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Figure 4-30. Paths of particles of CaCOs injected at the inlet of cell 3

Figuie 4-31. Paths of particles of CaCOs traced with hydrogen bubbles in cell 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51

Figure 4-32. Paths of particles of CaCOg traced with hydrogen bubbles in cell 2

Figure 4-33. Paths of particles of CaCOg traced with hydrogen bubbles in cell 3
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Methods for improvement of the electrolytic cell design
Methods for improvement of the current electrolytic cell design based on the
following mzyor conclusions made from the analyses of the simulation results are listed
below:
1. The inlet nozzle is too narrow. Because of this, the velocity distribution to all the
vertical channels is not uniform.
2. Particles can become trapped in the 'ears' in the upper part of the cell, and
hydrogen bubbles in the 'ears' in the lower part of the cell. Therefore it would be
more efficient to remove the 'ears'.
3. Particles can remain in the cell due to gravity. Therefore, to remove particles from
the cell, it is more logical to reverse the direction of the flow.
The original geometry of the cell is shown in Figure 4-34. Figures 4-35 - 4-42 depict
eight methods for improvements of the current electrolytic cell design. These methods are
based on the methods of improvement from simulation results presented above. Figures
4-35 and 4-36 present the proposed methods 1 and 2 for improvement of the cell design.
The modifications proposed are based on conclusion 1 that the inlet nozzle is too narrow.
Method 1 is related to increasing the diameter of the inlet nozzle, and method 2 is related
to replacing a cylindrical inlet nozzle by a conical nozzle expanding in the cell direction.
These types of channels are usually called diffusers.
Figure 4-37 depicts method 3 for improvement. This method is also based on
conclusion 1 that the velocity distribution to all the vertical channels is not uniform. In
order to make the distribution more uniform, a rectangular plate with circular holes may
be placed inside the cell below the electrode region. Diameters of the holes may be
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picked by trial-and-error method to get the best performance of the cell.
Figure 4-38 depicts method 4 for improvement. This method is based on conclusion 2
that particles and bubbles can remain in the 'ears'. The method is related to cutting out
the 'ears' in order to clear the path for the seawater-hydrogen mixture and solid particles
of calcium carbonate to pass through the cell without obstacles.
Any combination of the above methods can be proposed and considered. For
example, Figure 4-39 depicts method 5 for improvement, which is based on combination
of methods 1,3, and 4. Figure 4-40 depicts meAod 6 based on combination of methods 2,
3, and 4.
Also, a conical type nozzle can be used both for the inlet and outlet to allow hydrogen
bubbles to leave the cell more efficiently through a wider area. Figure 4-41 depicts
method 7 with the inlet and outlet nozzles designed to have a conical shape.
Based on conclusion 3, solid particles can remain in the lower part of the cell due to
gravity. Figure 4-42 depicts method 8 for improvement of the cell design. In this method,
the direction of the flow remains vertical but reversed. This design will utilize gravity to
help remove particles from the device. Without 'ears,' there are no large regions for the
particles to build up inside the cell, and the gravity has a favorable direction for removing
particles away from the electrolytic cell.
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ÎÎÎI
Figure 4-34. Original design of the electrolytic cell

Figure 4-35. Method 1 for improvement of the cell design. An inlet nozzle diameter is
increased
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Figure 4-36. Method 2 for improvement of the cell design. The shape of the inlet nozzle
is changed from a cylindrical type to a diffuser type

Figure 4-37. Method 3 for improvement of the cell design. A plate with circular holes is
placed inside the cell above the inlet nozzle
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Rgure 4-38. Method 4 for improvement of the cell design. 'Ears' are cut out

Figuie 4-39. Method 5 for improvement of the cell design. Methods 1, 3,4 are
combined
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Figure 4-40. Method 6 for improvement of the cell design. Methods 2,3 ,4 are
combined

Figure 4-41. Method 7 for improvement of the cell design. The shape of both the inlet
nozzle and outlet nozzle is changed from a cylindrical type to a d i ^ e r type, and 'ears'
are cut out
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Figure 4-42. Method 8 for improvement of the cell design. Direction of the electrolyte
flow is reversed in the design of method 7
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CHAPTERS

CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Multiphase turbulent fluid flow through the first three consequent electrolytic cells,
used for producing sodium hypochlorite (NaOCl) from seawater, was simulated using
FLUENT, a commercial finite-volume software. The analyses of the particles paths,
streamlines, and contours of the volume fraction of hydrogen have led to three m^or
conclusions regarding deûciencies in the current cell design.
First, the inlet nozzle of the cell is not sufficiently wide. As a result, the seawaterhydrogen mixture passes through vertical channels formed between electrodes at different
speeds, with a higher value of velocity in the center and much lower in the lateral regions.
The high-speed region roughly occupies one third of the electrodes area. The behavior
pattern is consistent for all three cells.
The second m ^or conclusion made based on analyses of the simulation results is
related to a part of the existing cell design called 'ears'. The 'ears' were determined to be
unnecessary and harmful to the overall design, causing solid particles of calcium
carbonate and hydrogen gas bubbles to be trapped in there and remain in the system. This
pattern also was determined to be somewhat similar in all three cells. However, the
second and third cells showed a significant augmentation of turbulence in the upper part
of the design, and as a result of the increased turbulence, particles in the second and third

59
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cells turned out to follow more intricate tr^ectoiies than particles in the first cell causing
particles to fall into the 'ears' and remain in the system.
The third m ^or conclusion is related to the fluid flow direction in the existing
electrolytic cell design. The direction was determined to be unfavorable for removing
solid particles away from the electrolytic cell. The particles fall on the wall in the lower
part due to gravity. This pattern also was determined to be similar for all three cells.
Therefore, the reversing of the flow is recommended.
Based on the conclusions, eight methods have been proposed for improving the
current electrolytic cell design.

Recommendations for future work
1. Estimate methods proposed in Chapter 4 for improving efficiency of the
electrolytic cell,
2.

Using a new version of FLUENT, namely FLUENT v. 6.1, calculate the
complete three-phase flow of the seawater-hydrogen-calcium carbonate mixture.

3. Using the new version of FLUENT, calculate the hydrodynamics of the threephase flow of the seawater-hydrogen-calcium carbonate mixture coupled with the
electrolysis occurring in the electrolytic cell.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX I

NOMENCLATURE
a
6;
6%
6,
Cl
C;
Cg
C,^

acceleration of bubbles of the secondary phase
coefBcient in the equation for drag coefficient
coefficient in the equation for drag coefficient
coefficient in the equation for drag coefficient
coefRcient in the equation for drag coefRcient
coefRcient in the Reynolds Stress Model ( C, = 1.8)
coefRcient in the Reynolds Stress Model ( C^ = 0.6 )
drag coefRcient
convection tensor in the Reynolds Stress Model

Cgi
Cg2
C^

coefRcient in the Reynolds Stress Model ( Cg, =1.44)
coefRcient in the Reynolds Stress Model ( C^ =1.92)
coefficient in the Reynolds Stress Model (C^ = 0.09 )
diameter of a spherical parRcle
molecular diffusion tensor in the Reynolds Stress Model
turbulent diffusion tensor in the Reynolds Stress Model

g,
t
R

drag force per unit parRcle mass
X, y, z -components of acceleradon due to gravity
turbulent kineRc energy
stress producRon tensor in the Reynolds Stress Model

p
Re
Re
s
S
t
M
u
M

staRc pressure
Reynolds number
relaRve Reynolds number
surface area of a sphere having the same volume as the parRcle
actual surface area of the parRcle
Rme
%-component of velocity
velocity vector
x,y,z -components of velocity in tensor notaRon at : =1,2,3

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62
M,
M,'
V
w
X
y
z
a

time mean component of velocity in tensor notation at i = 1,2,3
fluctuating component of velocity in tensor notation at i= 1,2,3
y -component of velocity
z -component of velocity
x,y,z-coordinates at i = 1,2,3
horizontal Cartesian coordinate
vertical Cartesian coordinate
lateral Cartesian coordinate
volume fraction
Kronecker delta

f

dissipation rate of turbulent kinetic energy
dissipation tensor in the Reynolds Stress Model

*7

normal coordinate in the local coordinate system
binormal coordinate in the local coordinate system
dynamic viscosity
turbulent dynamic viscosity
density
coefRcient in the Reynolds Stress Model ( = 0.82 )
coefRcient in the Reynolds Stress Model
= 1.0)
tangential coordinate in the local coordinate system
particulate relaxadon Rme
parRcle shape factor
pressure strain tensor in the Reynolds
Stress Model
scalar parameter in the ReynoldsdecomposiRon equaRon
Rme mean component of a scalar parameter
RuctuaRng component of a scalar parameter

//

f
^
^
0
0
0
Subscripts
Dq
m
p
q
qf
.y

T

drift of phase q with respect to seawater-hydrogen mixture
drift of phase s with respect to seawater-hydrogen mixture
seawater-hydrogen mixture
solid parRcle
pnmary phase g
slip parameters between the q and phases
secondary phase j
normal coordinate in the local coordinate system
binormal coordinate in the local coordinate system
tangenRal coordinate in the local coordinate system
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APPENDIX n

FLUENT V. 5.5 PANELS
Only those panels of FLUENT v. 5.5 that contain parameters changed from their
default values for modeling turbulent multiphase fluid flow through three electrolytic
cells are presented in this section.

Phase*

CevMatbm

ÂHx;;br&ic; SJif
finesisî? Bisdy frurce
Secondary Phase Pars meh r#
Droplet Dfamater M

OK I Cancel {

Figure H I.

Help (

Multiphase model panel for the seawater-hydrogen mixture
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surfaces of cathodes for all three cells
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Figure E-14. Panel for boundary conditions for the seawater-hydrogen mixture at the
outlet nozzle of cell 1
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Figure 11-15. Panel for boundary conditions for the seawater-hydrogen mixture at the
outlet nozzle of cell 2
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Figure 11-16. Panel for boundary conditions for the seawater-hydrogen mixture at the
outlet nozzle of cell 3
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